Abstract Paleoseismology provides fundamental data for generalizing earthquake recurrence behavior, by revealing past surface-rupturing events. Determining the size of paleoseismic events is notoriously more challenging than their timing. Paleoearthquakes exposed in trenches are vaguely defined as large enough to break to the surface and often assumed to be similar in size. Here we show an example where the paleoseismic record includes events of both moderate and large magnitudes. At the Salt Lake site on the active left-lateral Haiyuan Fault, northern Tibetan Plateau, a high-resolution stratigraphic sequence recorded three and possibly four events since A.D. 1500, constrained by accelerator mass spectrometry 14 C dating. Historical accounts of earthquake damage in the study region suggest that several earthquakes exposed in the trenches markedly differ in magnitude. With the exception of the most recent M~8 earthquake that occurred in A.D. 1920, two earlier events, which occurred in A.D. 1760 (or 1709) and 1638, respectively, are considerably smaller, with magnitude M < 7 and more likely M~6 or less. Thus, this section of the Haiyuan Fault that broke during moderate-magnitude events failed again after a short interval during a large M w 7.8-8.3 earthquake, as part of a larger multisegment rupture. Our study shows that moderate-magnitude events can be preserved in the stratigraphy and exposed by paleoseismic trenching under ideal conditions, for instance, if sedimentation is fast enough and there is no hiatus in deposition. Eventually, the data presented add to the growing body of paleoseismic records containing events of different magnitudes with a large variability in rupture length and coseismic slip.
Introduction
Determining the age and size of repeating earthquakes is essential for understanding the behavior of fault ruptures and associated seismic hazard. Historical records in most regions are short compared with the repeat time of moderate to large earthquakes. Therefore, an important part of assessing the time and size of future earthquakes is to retrieve earthquake recurrence patterns from paleoseismic studies. Paleoseismology provides fundamental data for generalizing earthquake recurrence models [e.g., Schwartz and Coppersmith, 1984; Sieh, 1996; Weldon et al., 2004; Berryman et al., 2012] , as well as for constraining seismic hazard assessment and forecasts [e.g., Nishenko and Buland, 1987; Working Group on California Earthquake Probabilities, 1995 Romeo, 2005; Field et al., 2014] .
Paleoseismic trenching has been effective in recovering earthquake time series, yet it is notoriously difficult to determine the magnitude of paleoearthquakes. Classically, paleoseismic events are recognized in trenches based on the fact that a set of faults disrupt a suite of sedimentary layers at a horizon corresponding to the ancient ground surface [e.g., Sieh, 1978a; Weldon et al., 2002; McCalpin, 2009] . Stratigraphy thus provides a "temporal scale" to separate paleoearthquakes through dating of layers to constrain the timing of events. While it is sometimes possible to locally measure the size of paleoearthquake slip through careful examination of the stratigraphy, it often remains difficult, especially for strike-slip ruptures. Limited examples [Weldon et al., 2004; Liu-Zeng et al., 2006; Kondo et al., 2010] suffer from the ambiguity of separating the effect of single versus multiple events [e.g., Grant-Ludwig et al., 2010] , a similar situation faced by the approach of using geomorphic offset markers [e.g., Sieh, 1978b; McGill and Sieh, 1991; Zielke et al., 2010; Klinger et al., 2011] .
But the definition of surface-rupturing events in terms of magnitude equivalence is vague and often implied to be magnitude 6.5 or larger [e.g., McCalpin, 2009; Akciz et al., 2010] . This assumption is partly based on a theoretical estimate of rupture dimension on a vertical fault; in that, a M~6.5 earthquake is likely to fully rupture the width (<20 km) of the seismogenic layer and thus reach up to the ground surface [e.g., Scholz, 1982] . It is more or less consistent with observations from historical earthquakes, which show that the chance of surface rupture is less than~50% for earthquakes of M w < 6.5 [Wells and Coppersmith, 1993; Weldon and Biasi, 2015] . Thus, the notion that surface-rupturing events most likely have magnitude >6.5 only reflects the higher probability of association with surface ruptures. Eventually, however, the assumption of an existing cutoff magnitude at M 6.5 for earthquakes producing surface ruptures needs to be thoroughly evaluated.
In this paper, we document a case where the stratigraphic record of paleoseismic events and historical accounts of earthquake shaking in the adjacent area are combined to constrain the timing of events and their magnitudes. This provides a test of the degree of variability in size of repeating paleoruptures at this single location. At the Salt Lake trench site on the Haiyuan Fault, northwest China, the high-resolution stratigraphy of rapid deposition preserves the fine details of deformation of paleoearthquakes. The study site is within a region where the historical written record of earthquake shaking dates back to 190 B.C. [Xie and Cai, 1983] , providing a unique opportunity for mining the vast historical written and archeological records to corroborate or augment our trenching investigation of paleoseismicity, in order to better understand seismic behavior of active continental faults.
Seismotectonic Setting
The~1000 km long, active, left-lateral Haiyuan Fault is a major structure in northern Tibet. Together with the Altyn Tagh, Kunlun, and Xianshui He Faults, it accommodates the eastward movement of Tibet relative to the Gobi-Ala Shan platform to the north (Figure 1 inset) [e.g., Avouac and Tapponnier, 1993; Peltzer and Tapponnier, 1988; Tapponnier et al., 2001] . The Haiyuan Fault branches off the Altyn Tagh Fault in the Qilian Shan mountain range and continues eastward, striking about 110°. It then veers to a 140°strike east of the Yellow River, and to an~NS strike along the Liupan Shan, and resumes a 100°strike again before merging with the northern boundary of the Qinling Shan.
To the north of and subparallel to the Haiyuan Fault, the Zhongwei Fault splays off with a nearly east-west strike, cuts across the Yellow River, and extends for another~300 km before veering to the south (Figure 1b) . The Zhongwei Fault, sometimes called Xiang Shan-Tianjin Shan Fault, is an oblique left-lateral fault with a large reverse component. Its strike-slip rate decreases eastward from 3.5 to 0.5 mm/yr, which is accompanied by eastward increase of vertical rate from 0.5 to 0.8 mm/yr [Zhou and Liu, 1987; Cai et al., 1997; Yin et al., 2013] . It is the seismogenic fault of the 1709 M 7 1/2 Zhongwei earthquake, of which mole tracks of surface rupture were observed and documented along a 53 km rupture with a maximum horizontal slip of~7.4 m [W. Zhang et al., 1988; Nie and Lin, 1993] . Geometrically, the Zhongwei and Haiyuan Faults may belong to a single fault system, through merging at depth to form a large crustal-stacking wedge [Gaudemer et al., 1995] .
The Haiyuan Fault is predominantly a left-lateral fault, but the total offset and Quaternary slip rate have been controversial. About 90 km of apparent left-lateral deflection of the Yellow River was considered an indication of cumulative offset of the Haiyuan Fault [Gaudemer et al., 1995] , whereas geological mapping of Paleozoic units and their correlatives along a section of the fault~100 km east of the Yellow River suggested a total offset of only 10.5-15.5 km [Burchfiel et al., 1991] . Development of pull-apart basins along the fault was used to argue for a total offset of~60 km since 10 Ma [Ding et al., 2004] . The slip rate of the Haiyuan Fault may vary systematically, for instance, by decreasing eastward along the fault because of strain partitioning among multiple splays [Gaudemer et al., 1995; Lasserre et al., 2002; Duvall and Clark, 2010] . Even on the central and eastern sections of the Haiyuan Fault, the Quaternary slip rate estimates are 12 ± 4 mm/yr [Lasserre et al., 1999] , 8 ± 2 mm/yr, and~5 mm/yr or less [P. Zhang et al., 1988b; Li et al., 2009; He et al., 1994 He et al., , 1996 Yuan et al., 1998; Chen et al., 2014] . Modern fault slip rate or strain accumulation rate derived from GPS and interferometric synthetic aperture radar suggests a lower rate of~5-8 mm/yr [Cavalié et al., 2008; Jolivet et al., 2012] .
The Haiyuan Fault is overall segmented, consisting of a few tens of kilometers long sections, commonly separated by extensional jogs, step overs, and pull-apart basins of varying widths (Figure 1b ).
Transpressional segment boundaries are rare along the Haiyuan Fault. One of the largest extensional jogs, a 4 km wide left step, occurs at~104°E near Jintai, at the eastern end of the great 1920 Haiyuan earthquake rupture [LIS and NBCEA, 1980; Deng et al., 1986] . We consider this step over a boundary that separates the eastern from the western Haiyuan Fault. Immediately west of the jog, the 30 km long fault Gaudemer et al. [1995] . Surface rupture extent of 1920 M w 7. 8-8.3 Haiyuan earthquake is highlighted with a thick red line. Epicenters of catalogued historical earthquakes are shown as circles whose sizes are scaled with magnitude, color-coded by year of occurrence. Yellow star: Salt Lake trench site, blue star: Songshan site. Villages mentioned in historical earthquake record are underlined. Inset figure shows active faults in Tibet. (b) Shaded relief of the region in the vicinity of the Salt Lake trench site. Trench locations in previous studies are shown as filled circles. Abbreviations in inset map are ATF, Altyn Tagh Fault; HF, Haiyuan Fault; KF, Kunlun Fault; and XHF, Xianshui He Fault.
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section is creeping with a rate of~5-8 mm/yr and relatively high microseismicity [Cavalié et al., 2008; Jolivet et al., 2012] . Trenches at~103.5°E revealed a mixed mode of paleoseismic deformation from minor cracks of moderate-magnitude events, for instance, the 1990 M 5.8 Jintai-Tianzhu earthquake, to large deformation associated with large-offset events, the most recent one occurring about~800 years ago [Liu-Zeng et al., 2007] .
The 16 December 1920 Haiyuan earthquake of M w 7.8-8.3 produced an~230 km long surface rupture that crossed several geometric fault segments, with a bell-shaped slip distribution, and a maximum slip of~10 m at the center [Deng et al., 1986; Zhang et al., 1987] . The main shock was followed a week later, on 25 December 1920, by an aftershock with magnitude~7, whose epicenter was estimated to be~50 km to the east of the main shock [LIS and NBCEA, 1980] . These devastating earthquakes inflicted 230,000-270,000 casualties [LIS and NBCEA, 1980; Liu et al., 2003] and produced widespread landslides so dramatic that "mountains walked" [Close and McCormick, 1922] . It was large enough to set off the first-generation seismometers around the globe. Using these early records, Richter [1958] estimated a magnitude 8.5 based on surface waves, which has been the commonly accepted magnitude for the 1920 Haiyuan earthquake. Chen and Molnar [1977] later estimated a moment magnitude of 8.3, but acknowledged that the uncertainty can be a factor of 2, especially when assuming a 45°dipping reverse fault. These early estimates may overestimate the magnitude of the 1920 Haiyuan earthquakes [Abe, 1981] . Given its reported rupture length and offset (230 km and 10 m), and assuming a 15 km width (depth) and predominately strike-slip faulting on a nearly vertical fault plane, it is more likely to be a moment magnitude of 7.8, as listed on the U.S. Geological Survey website (http://earthquake.usgs.gov/earthquakes/world/events/1920_12_16.php). Given these uncertainties, the 1920 Haiyuan earthquake was roughly a M w 7.8-8.3 and thus a dramatically large earthquake.
The return time of such 1920-type earthquake multisegment rupture is still unclear. Paleoseismic investigations have been carried out on various points along the fault [Zhang et al., 1988a, Figure 1b; IGCEA and NBCEA, 1990; Ran et al., 1997; Min et al., 2001; Zhang et al., 2003] . However, earlier works suffer from considerable uncertainties: (1) they rarely yield a sequence of more than three events at a single site; (2) they lack well-preserved stratigraphy to separate event horizons, and therefore, event evidence is highly interpretive; and (3) event timing was based on old, non-AMS (accelerator mass spectrometer) 14 C dating.
Site Location and Geomorphology
To better constrain the timing of past earthquakes on the eastern Haiyuan Fault, we choose to open trenches at the Salt Lake site, where the depositional environment is optimal for preserving past earthquake deformation. The site is located within the rhomb-shaped Salt Lake basin, 4 km wide by 7-8 km long, and 50 km west of Haiyuan town (Figure 1b ). It is a closed basin, with short drainages of ephemeral channels collecting sediments from the surrounding hills. More than 500 m deep, the basin is filled with Quaternary sediments, nearly up to its rim [IGCEA and NBCEA, 1990] . Historically, the lake has been an important salt mine, since at least the Ming dynasty (annals of Haicheng County).
Bedrock in the vicinity of the Salt Lake basin consists of Precambrian gray quartz schist and marble, which outcrop on the hills to the northwest and southeast sides of the basin. Oligocene purple sandstone and siltstone outcrop at the northeast corner (Figure 2 ). Sediments sourced from gray quartz schist versus the red beds provide strong color contrast. Being part of the Loess Plateau (roughly 34-40°N, 103-114°E), loess is common and extensive throughout the region, mantling the lower portion of the hills around the basin (mapped as late Pleistocene in Figure 2) . Southwest of the basin, a fan-shaped Quaternary conglomerate, with clast imbrication suggesting a source from the northeast, has been left laterally offset from its source by the Haiyuan Fault [IGCEA and NBCEA, 1990; Burchfiel et al., 1991] .
The basin is now shortcut by a throughgoing fault, running diagonally across the basin, which produced a 2 m high north facing coseismic scarp during the 1920 earthquake [Deng et al., 1986; Zhang et al., 1987] (Figure 3 ). Due to the coseismic uplift on the southern side, the center of the lake shifted about 500 m to the north [IGCEA and NBCEA, 1990] . As illuminated by airborne lidar acquired in the winter of 2011, this fault scarp cuts sharply through the middle of the basin with varying heights along strike. It is most prominent in the middle of the basin, diminishing toward the east, first into a 20 m wavelength broad monoclinal scarp, then to gentle warping, and eventually disappearing before reaching the southeastern basin edge. Due to the flatness of the basin floor, markers for coseismic horizontal slip during the 1920 Haiyuan earthquake are lacking in the basin, except along the northwestern slope, where the village of Tangjiapo is located. Here a series of stone-piled farming terrace divides, possibly built sometime in Qing dynasty (200-300 years ago), were offset 6-8 m [Zhang et al., 1987] . In addition,~5 km to the east of our trench site, deflected channels indicate left-lateral offsets of 7-10 m, with one site~10.2 m, which was considered the maximum for this earthquake [Deng et al., 1986; Zhang et al., 1987] .
Our trench site is located~1.5 km east of the currently active lake shoreline. The trench is thus in the peripheral region of the lake and the transitional zone between two alluvial fans, collecting sediment sourced from the north and east. At this site, the 1920 scarp is 2 m high and consists of two to three strands (Figure 3 ).
Excavations and Stratigraphy
We opened multiple fault-perpendicular trenches across the north facing fault scarp. The first excavation was conducted in 2007, producing a 40 m long 3-4 m deep trench. We cleaned the walls, which were photographed on 1 m × 1 m grid. We then mapped the stratigraphy and faults in the field on photo printouts. After mapping, we expanded the trench, by digging~1 m sideways into the walls in the vicinity of the main fault zones and secondary branches, to gather additional evidence about events. We reexcavated at almost the same location in 2009, making it wider and deeper, so that for each fault strand, we have a total of six trench exposures, labeled as T09W, T07WW, T07W, T07E, T07EE, and T09E, respectively, from west to east. Multiple exposures display lateral variation in deformation style for each event along strike. [Zhang et al., 1987] .
Journal of Geophysical Research: Solid Earth
10.1002/2015JB012163
The trenches exposed excellent stratigraphy at the site, consisting of thinly bedded alternating layers of different grain sizes and colors, due to fast deposition rate and contrasting sediments from different sources ( Figure 4 and Table 1 ). The sediments are generally fine in grain size, comprising mostly of a combination of sand, silt, and clay, suggesting a relatively low-energy depositional facies, in accord with the distal fan-lacustrine setting. Gravelly pebbles and coarser clasts are rare in the trenches, appearing only locally in small and shallow channels, trending oblique to trench walls. Major units have constant thickness and are laterally continuous, and thus, it is fairly straightforward to correlate units from trench to trench and across the fault zones. Figure 4 shows a composite column of 4.8 m thick exposed stratigraphy. The sedimentation rate changes with depth and over time. At an extreme, the deposition rate in the upper 2.7 m thick sediments reaches 5 mm/yr, 2-3 times or higher than below. It is unclear whether this dramatic increase in sedimentation rate is a local consequence of a migrating deposition center or is a basin-wide increase resulting from increased erosion rate of the surrounding hills. The upper section (above 2.7 m depth) is the most distinctive group of strata. It is separated from the lower section by an organic-rich, dark soil horizon near~2.7 m depth (Figure 4) , which also marks a depositional hiatus. The upper section comprises rhythmic centimeter-thick interbedded layers of well-sorted sand and silt with alternating colors of pinkish red to light gray. Bioturbation is minor within the section. Each layer is well-sorted, either massive or horizontally bedded, with upward fining or coarsening deposition structures well preserved.
Consistent with a lower sedimentation rate, the deeper part of the stratigraphy (below 2.7 m depth) contains more clay-rich, thicker, and more homogeneous layers. The deposits in this lower section may represent a relatively more stable subaqueous environment, similar to a previously documented deposit of dark gray clay with few stratigraphic markers documented elsewhere [e.g., Rockwell et al., 1986; Weldon et al., 2002; Daëron et al., 2007; Liu-Zeng et al., 2007] . Layers or horizons containing dark organic matter are frequent in the deeper stratigraphy but not in the upper 2.7 m. These layers represent periods of nondeposition and soil formation [Weldon et al., 2002] . 
Paleoseismic Evidence of Events
In this section, we focus on presenting and discussing paleoseismic events preserved in the upper 2.7 m thick section of the stratigraphy, because fine details of deformation are well preserved in this package of the highresolution stratigraphy.
In our trenches, the main fault zone consists of multistranded, 60°south dipping faults, which intersect with the ground surface at the base of a 2 m high geomorphic fault scarp. The fault shows a reverse sense of dipslip motion, with left-lateral strike slip, making it overall transpressional, even though the general structural setting is a shortcut through a pull-apart basin. The reverse component is a local, secondary effect of fault dip angle and a transpressional step associated with en echelon arrangement of strike-slip fault traces 
201
A generally upward coarsening layer of pinkish clayey silt for the bulk part, to fine sand to medium sand, the color becomes darker upward, with dark red fine sand of variable thickness at the very top. 202 202a: dark gray silty clay, with laminae of dark brown clay strings at some places. 202b: an upward fining sequence from gray fine sand to gray with red taint sandy silt.
203
Pale red very fine sand to silt, gradational contact with unit 204.
204
White to pinkish white fine to silty very fine sand, with many minute fragments of charcoal. Variable layer thickness, with scouring lower contact at some places. At places of greatest thickness, consists of two sublayers of upward coarsening sequence for each.
205
A distinctive bed of relatively well-sorted light brown medium to fine sand, with nearly stable thickness. Consists of two sublayers of same color but slightly coarser in the lower one. 206 2-6 cm thick white to pinkish white well-sorted very fine sand, locally with upward fining structure.
207
Similar to unit 205, it is a distinctive layer of light brown medium to fine sand, with stable thickness. Consists of two sublayers: the lower one of medium to fine sand, with upward fining structure, and sharp scouring lower contact, the upper one very fine sand.
210
A distinctive reference layer, with stable thickness~3 cm, of white to pinkish white fine sand to silt, with upward fining structure. The lower contact is defined by a peat-like string and locally sharp.
211
Consists of two sublayers: the lower one is white to light gray silt to very fine sand; the upper one of darker in color, with alternating laminae of pink red fine sand and dark brown peat-like strings.
212
Package of alternating 2-3 mm thick gray and pink red lamiae of silty fine sand, with discontinuous dark/dark brown peat-like strings. 213 213a: occurring only locally, lens of silt. 213b: gray with yellow taint fine sand fining upwardly to brownish clay. 214
Pale red massive silty fine sand of varying thickness. Upward fining sequence from gray fine sand to brownish gray silty fine sand.
215
A distinctive reference layer of light grayish medium sand, with relatively stable thickness of~7 cm. Recognizable upward coarsening structure from fine sand to medium sand, the top locally containing a thin layer of~1 cm light gray silt. 216a
Light brownish gray silt, with the top grading into gray clayey silt.
216b
Dark brown clay with a couple of discontinuous peat string horizons. The color deepens downsection. The lower contact with unit 301 is gradual, but in some location, it is a dark peat-like horizon.
MSL-1 (III) 301-307 301-307 is a package of massive brownish red to light brownish clay to silty clay (302, 305, and 307), separated by thin layers of dark brown clay (301, 303-304, and 306) .
301 is brownish red clay. 302 is brown to dark beige silt, in places brick red color in the lower 20-30 cm, and the bottom consisting a discontinuous thin layer of red clay.
308
Distinctive thin (approximately centimeter thick) peat-like layer. Clear and continuous to act as deformation marker layer. 309
Homogeneous massive brownish clay.
310
Overall gray to light gray sandy clay, with discontinuous dark peat-like layers.
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( Figure 3a ). The stratigraphy on the hanging wall is tilted, more or less parallel to the slope of the current ground surface. A secondary fault zone consisting of nearly vertical and forked fault strands occurs at 7-9 m south of the main fault and on the hanging wall ( Figure 5 ). In some exposures, the secondary fault shows a normal sense of vertical component, where the fault dips to the north toward the main fault zone.
Three and possibly four paleoseismic events are preserved within the upper section, named in letters ( Figure 4 ). Evidence for individual events varies in robustness. Stratigraphic evidence of paleoseismic events and the likelihood of event horizons are evaluated using the scheme of Scharer et al. [2007] . Events A, C, and E most probably correspond to surface-rupturing events. They are supported by strong evidence unambiguously interpreted as coseismic deformation. By comparison, the indicators for events B and D are either nonunique or too ambiguous in the stratigraphy to be undoubtedly associated to distinct events. As shown later, ambiguity in the veracity of these event horizons is mainly due to the upward termination of brittle faulting cracks at levels slightly below the event horizon, i.e., not breaking to the surface.
Most Recent Event A (the 1920 Haiyuan Earthquake)
The most recent ground-rupturing event A relates to the 1920 Haiyuan earthquake. Evidence for event A is clear and strong in all six exposures. This event produced mole-track-like push-up mounds above south dipping faults, and caused tilting of strata on the hanging wall, on the order of 4-6°( Figures 5-8 ). The long-wavelength tilting shown in exposures corresponds to the fault scarp seen on the surface. Degradation of the scarp is indicated in the stratigraphy, as a wedge of colluvium on top of dipping faults, and a small amount of erosion of the top layers on the hanging wall ( Figure 5a ). This is mostly clear in exposure T09W, where flattening of fault dip near the surface resulted in overthrusting of unit 102 and the collapse of the hanging wall to form a wedge of colluvium ( Figure 5a ).
Expression of event A on the secondary strand is shown only in wall T07WW, in the form of open fissures widening upward to the surface, with blocks of surrounding rock collapsed inside ( Figure 6e ). In other exposures, this event is unclear, possibly because opening of fissures are too small to be noticed.
The main fault zone is typically multiple-stranded, consisting of two or more intertwining fault strands, with rotated blocks in between or blocks falling into fissures (Figures 6a, 6c, 7a, and 7b). Tilting and longwavelength folding of the hanging wall strata must have accommodated a considerable amount of vertical Gray to dark gray clay. The lower boundary is marked by a thin brown clayey layer.
316
Light red silty clay, with whitish carbonate precipitation granules.
317
Gray to dark gray 318
Light greenish gray clayey fine sand, the upper part gray to dark gray and lower part relatively lighter in color and coarse in grain size.
319
Overall dark gray clayey sand, containing black peat-like sublayers with many charcoal fragments.
320
Wedge-shaped yellowish green massive well-sorted fine sand. LSL (V) 400 Light gray to white sandy silt and clay. Indurate, with blobs of white calcareous concretions.
401
Yellowish brown clayey fine sand, the top part containing light gray to gray clay.
402
Light red clay, massive, the upper part locally lighter in color. 403
White to light gray clay.
404
A mottle-colored mixture of yellowish brown and light gray fine sand. The lower~5 cm is more brownish in color than that above. Units 401-404 are folded, in a convoluted way.
405
Pale green clayey very fine sand to silt, with yellow and dark spots, probably due to biogenic processes. Both contacts with units above and below are gradational.
406
Red to husky red, massive but heterogeneous, very fine sand to clay. The top portion containing horizons of medium to find sand. The base of the unit was not exposed. deformation, making the 1.5-2 m high monoclinal scarp. In contrast, the apparent brittle vertical offset across the main fault zone is small, mostly 20-40 cm, and only up to~50 cm in exposures T07W and T07WW, where the main fault zone narrows and thus deformation is more localized.
Penultimate Event C
The penultimate event C occurred when unit 122 or 123 was at, or near, the ground surface. Some of the most compelling observations for event C are exposed in wall T09E at the position of 1 m (Figures 8a and 8b ). There, two north dipping normal faults separated from the main fault zone offset units 122 through 300, producing an~20 cm high scarp, with vertical offset and tilting of strata against flat-lying layers across the fault. The highest level at which the fault can be traced is unit 122. Deformation is also manifested by a synclinal warp formed in the hanging wall, which was subsequently filled by a lens-shaped package of alternating layers of laminated and well-sorted sand and silt of units 110-122 (2-5 m in Figures 8a and 8b ). This line of evidence for event C on the secondary fault branch is shown in all exposures, slightly different in brittle offset depending on fault dip angle but similar in synclinal warping and overlying lens-shaped growth strata on top (Figures 5b, 6b, 7b, 7d, and 8b ).
In the main fault zone, the pattern of deformation associated with event C changes along strike. In exposure T09W (Figure 5c ), it is shown as a colluvial wedge below the lens-shaped package of units 110-116. Toward the east, it is in the form of syncline in exposures T07W and T07WW (Figures 6c and  6d) , then a broad pop-up warp above a south dipping branching fault tips in exposures T07E and T07EE (Figures 7c and 7e) . In exposure T09E, it changes to slightly tighter amplitude, with flower-type upwarping of units 124-129 (Figure 8c ).
Third Youngest Probable Event E
Event E is stratigraphically separated from event C, with the event horizon lying between units 201 and 204, and most likely near unit 202. Despite some uncertainties in the exact event horizon, evidence for event E is remarkably clear, persistently shown in all exposures as folding of units 203-205 above dipping faults.
Fold geometry varies sharply along strike, changing from anticline to monoclinal step, then to a paired anticline and syncline, and then to an anticline again in successive exposures (Figures 5-8 ). The most representative evidence for event E is in exposure T07EE (Figure 7e ). Here thinly bedded stratigraphy clearly preserves deformation of a flower-like push-up above the south dipping fault, forming an anticline and subsidiary syncline. Units 215-205 are convoluted and more intensely deformed than the overlying units 204-202, suggesting a degree of decoupling and an angular unconformity. In exposure T09E (Figure 8c ), event C is clearly exhibited as a paired syncline and anticline of 1 m wide in wavelength, with a pointed fold crest affecting units up to 205. Units above (204-202b) are also warped but with decreasing amplitude. A subvertical lone fault with sharp offset provides additional evidence for this event in this exposure. The amount of apparent vertical separation decreases upsection; the brittle fault turns into warping of diminishing amplitude upsection. Considering the suite of deformation level in all exposures, the youngest units affected by event E are 202-203. We thus interpret that unit 202 was at or near the ground surface at the time of faulting and folding. As shown in exposure T07EE (Figure 7e ), the wedge-shaped unit 201 thins toward the top of the anticline, resembling growth strata and filling of a topographic low in the synclinal trough. In exposure T09W, complete disturbance of the stratigraphy, indicated by homogenized strata with original sedimentation structures erased, occurs locally across a 4 m wide section of the wall (Figures 5a and 5d ). It only affects a sediment package of limited thickness, units 202-215, below which the stratigraphy is undisturbed. This resembles shaking-related soft-sediment deformation [Allen, 1986; Marco et al., 1996] . An angular unconformity appears as a wavy unit boundary between disturbed package and overlying units 201-129, which are lens-shaped in thickness so as to fill in depressions, and capped by the flat-lying unit 128.
It is common in our trenches that faulting and warping associated with event E stop slightly below the event horizon, unit 202. For instance, in T07WW wall (Figure 7d ), brittle faulting diminishing into a ripple-like scarp stops at unit 205, which is capped by the overlying undisturbed unit 204. Similarly in wall T09E (Figure 8c) , two brittle faults turn upward into folds, which diminish gradually and disappear within 202b-203, centimeters below the interpreted event horizon. This pattern indicates that upward fault termination can be stratigraphically lower than the actual event horizon [e.g., Bonilla and Lienkaemper, 1990; Rockwell et al., 1986] or that water laden sediments of the top layers fold rather than fault during earthquake rupture.
Less Likely Events
If the upward termination of fault branches can stop below the event horizon, then such criteria should probably not be used alone to define an event [e.g., Weldon et al., 2002; Scharer et al., 2007] . To illustrate the consequence of this uncertainty, we denote event B for some weak evidence of cracks stopping at unit 110. For instance, in exposure T09E (Figures 8a and 8c] , it corresponds to a short-fault segment that offsets sharply units 129-110 with 10 cm in vertical separation but with a reduction in the offset upsection to zero. Warping of units between this short fault and the one in the main fault zone suggests that it could be softlinked with, and jump to, a strand~50 cm to the south that reaches the surface, resembling en echelon arrangement of fault segments seen in map view. In exposure T07EE, the evidence for event B is also in the form of upward termination of fault branch with nominal offset (Figure 7e ). We interpret this rootless fault to be formed by the 1920 earthquake rupture, rather than a distinct, older event.
There is a remote possibility of a separate event D at a stratigraphic level slightly lower than event C, in unit 127. Unlike evidence for event C, which includes brittle faults, folding, and unconformity, event D would be associated with only upward termination of faults with diminishing offset. As shown in exposure T07W, a forked 
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secondary fault branches off in two strands, with one being traced to unit 123 (event C) and the other disappearing at a lower level, within unit 127 (Figure 6b ). Similarly, in the main fault zone, a strand branches off toward the hanging wall and stops shortly above unit 129 but does not disrupt overlying unit 122 (Figure 6c ). Nevertheless, given the small stratigraphic separation between these upward terminations, a conservative interpretation would be that D is not an independent event. Instead, the expressions of event D are upward terminations of faulting formed during event C.
In summary, event A is the strongest in evidence with various patterns of deformation and vertical separation up to 20-50 cm across faults in the trench. In contrast, events C and E are associated with only a few to ten In model 1, only samples within the upper stratigraphic section (above unit 300, which contains a depositional hiatus and a shift to lower sedimentation rate) were used to constrain event dates. In model 2, samples from the entire trenchexposed stratigraphy were used (unit 102 through unit 400; shown in Figure 4) .
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centimeters of vertical offset, yet are observable, as distinct due to coupled fault terminations and folded layers underlying growth strata. Events B and D are both unlikely to be separate earthquakes, because these consist only of upward fault terminations that may be associated with events A and C, respectively. Of these two, event D is more likely to be a distinct event than B. Thus, there is strong evidence for three events within the upper section, with low potential for a fourth event.
For older events F, G, and H, we list the evidence for individual events in Table 2 and show the interpretations in the corresponding trench logs in Figures 5-8 , without elaborating on the details.
Event Age Determination
Ages of the paleoseismic events at the Salt Lake site are constrained both by radiocarbon dates of charcoal retrieved from the trenches and historical accounts of earthquake shaking in the region.
Radiocarbon Dating of Earthquakes
Charcoal is abundant in the trenches. Seventeen radiocarbon samples collected within the upper section, all detrital charcoal, were sent for accelerator mass spectrometer (AMS) dating to three different laboratories. The results are consistent among laboratories and summarized together here in Table 3 . The stratigraphic positions of the samples are shown in the composite stratigraphic column (Figure 4 ). The majority of samples are in correct stratigraphic order, with increasing ages with depth, suggesting high reliability. Some samples yield dates much older (up to 40,000 years B.P.) and out of stratigraphic order, suggesting some reworking, which is common for detrital charcoal (marked as italic in Table 3 ). Consequently, we do not use these samples to develop chronologic models for event ages. Overall, the dates suggest that the upper section was deposited during the last 500 years, with a rapid average sedimentation rate of~5 mm/yr.
OxCal modeling of 14 radiocarbon ages [Bronk Ramsey, 2013] provides age control of event occurrence, suggesting that events A, C, and E all occurred sometime after A.D. 1600 (Figure 9 ). Among the total of 19 dated charcoal samples within the upper section layers, five samples are much older and out of stratigraphic order, thus not used in constraining event ages. As previously discussed, we interpret most recent event A being the historical 1920 earthquake. Events C and E occurred most likely sometime in the time window A. D. 1710-1830 and A.D. 1681-1799 (2σ) , respectively ( Figure 9 and Table 4 ). OxCal modeling of event date ranges could possibly vary depending on the choice of stratigraphic sequence for age constraints. Table 4 lists the results of using the upper stratigraphic section, in comparison with those constrained by the entire exposed stratigraphy. The difference is small. Three older events F, G, and H, exposed in the lower section of our trenches, are constrained to occur during A.D. 350-986 (2σ), B.C. 1325-2031 (2σ), and B.C. 1985-2351 (2σ) , respectively (Table 4) . These three events, plus event A (1920), are broadly consistent with the most recent four events at the Gaowanzi site,~15 km west of our site [Ran et al., 1997] (GWZ; Figure 1b) . Thus, the time intervals between these events are 1252 ± 318, 2346 ± 475, and 490 ± 397 years, respectively, which show considerable variation. Comparing with previous results at the Gaowanzi site, the centimeter-resolution stratigraphy of the upper section at the Salt Lake site reveals more and probably smaller events during the last 500 years.
Historical Accounts of Earthquake Damage
Historical documents provide independent information to constrain the timing and magnitude of events recognized in trenches [Marco et al., 1997; Wen et al., 2008; Ambraseys, 2009; Sapkota et al., 2012; Klinger et al., 2015] . The long written history of China has produced one of the longest and most complete records of historical seismicity in the world, with the very first account of earthquake damage dated back to 23rd century before the Common Era [Xie and Cai, 1983] . Since the Yuan dynasty (A.D. 1271-1368), local annals and records at provincial, prefectural, and county levels became common, resulting in an increase in both the number and content of documented seismic events.
A comparison of our paleoseismic record with historical earthquake accounts is possible for the Haiyuan Fault, as written documents of earthquake effects in the region date back to 190 B.C. [Xie and Cai, 1987a, 1987b] . Searching through various Chinese historical documents for local accounts of earthquake damages, we established a comprehensive list of all accounts of earthquakes that affected towns closest to our trench site (Table 5) . From these historical records, we could further narrow down the dates of paleoearthquakes and Gansu Tong Zhi, Book Anomalies, Section earthquakes, page 37 l.
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10.1002/2015JB012163 exposed in our trenches. Within the time window for event occurrence permissible from OxCal modeling, the most probable dates for the three earthquakes exposed are A.D. 1920, 1760, (or 1709) and 1638, from the youngest to oldest. There is little doubt that the most recent event A is the stratigraphic evidence of the 1920 Haiyuan earthquake.
It is possible that the locally recorded A.D. 1760 earthquake is the penultimate event (event C) exposed at the Salt Lake site. The A.D. 1760 earthquake was recorded only locally in the town of Haiyuan (population of 180,000 in mid-1700) ( Table 5 ) [Committee of Earthquake Research, Academia Sinica, 1956] and not recorded in other towns in the region. It was written as "ground shaking in Haiyuan"; however, this brief description should not be considered as a merely shaking in the modern sense. First, in ancient China, earthquakes were considered bad omens to some extent, such that official documents tended not to record earthquake unless the damage was severe enough to be inescapable. Second, material for written documentation was an expensive commodity centuries ago. There is a tendency for documents being written in concise language, in contrast with modern voluminous detailed documentation, so that details were lost or minimized.
A less likely scenario, which is permissible with OxCal modeling of event occurrence, is that event C might represent the remote effect of the A.D. 1709 earthquake. The seismogenic fault for the A.D. 1709 earthquake was considered to be the Zhongwei Fault, subparallel to the Haiyuan Fault in the north, and~100 km north of the Salt Lake site [Zhou and Liu, 1987; W. Zhang et al., 1988; Nie and Lin, 1993] . It was assigned magnitude 7 1/2 and was widely recorded in towns within a 500 km radius region of intensity VI [Gu, 1983; IGCEA and HGFU, 1990] . Our trench site is within the region of assigned intensity of VIII. At Xian Zhou,~20 km east of the Salt Lake site, the 1709 earthquake was recorded, as "ground shaking, with water springs dried up." If the penultimate event exposed at the Salt Lake site was the consequence of the 1709 Zhongwei M 7 1/2 earthquake, it could be triggered cracking on the Haiyuan fault, similar to the response of the faults in the Salton Sea region, Southern California, to earthquakes on nearby faults [Hudnut et al., 1989; Rymer et al., 2002 Rymer et al., , 2010 Wei et al., 2011] .
The A.D. 1638 earthquake appears to be the best candidate earthquake falling within the OxCal modeling date range for event E. The 1638 earthquake was described as "city walls and civilian houses all collapsed, in both Haiyuan and Xian Suo (Zou). Aftershocks lasted a few months" (Table 5 ). Thus, this earthquake was recorded in two known towns~20 km apart along the western section of the Haiyuan Fault but was not recorded in other bigger and more populated towns in the region, such as Guyuan, Zhongwei, or Jingyuan (Figure 10 ). 
Event Size Estimation
Despite the fact that the most recent event A, the 1920 Haiyuan earthquake, was approximately M 8, written historical records suggest that it is unlikely that a similar 1920-type magnitude 8, or even magnitude 7, has occurred on the same section of the Haiyuan Fault during the past 500 years [Gu, 1983; Xie and Cai, 1987a, 1987b ]. This inference is based on comparing the severity of damage and the size of the area where the earthquake was felt in the same region and during the same era.
Conversion of felt effect to intensity and then to magnitude adds additional uncertainty [Gu, 1983] . The level of documentation depends on the population: less in remote areas than in or close to bigger villages/towns. All these factors tend to result in incompleteness of earthquake recording, particularly of those small in magnitude and without severe damage. In general, the smaller in size and earlier in time an earthquake occurred, the less likely the earthquake magnitude can be quantified. Even for those recorded, damage effects may be either simplified or details minimized or completely omitted from official documents. Information is often too scarce to adequately quantify isoseismals and/or seismic intensity for earthquakes smaller than 7 or for those that occurred prior to the Qing dynasty (A.D. 1636-1912) to attempt sophisticated analysis of Bakun and Wentworth [1997] .
Nonetheless, large to strong earthquakes of known (agreed upon) magnitude in the area during the same period of time can be used as references to estimate those of unknown magnitude. For instance, the 10 April 1495 M 6 1/4 Zhongwei earthquake was felt and recorded in Jingyuan [Gu, 1983] (Table 5) . Conversely, if an earthquake of similar magnitude occurred near the Salt Lake basin, it would cause damage severe enough to warrant a recording at Zhongwei, which was a larger town than Jingyuan (Figure 10 ), baring the difference in rupture directivity and site effects. Since none of the three Salt Lake historical earthquakes were recorded at Zhongwei, they were probably smaller than M 6 1/4 . Of the two candidate earthquakes in A.D. 1760 and 1638, shaking effects were recorded only in a few towns within 50 km from the trench site (Figures 10 and 11) . Compared to the large felt region of 500 km from Haiyuan associated with the 1920 M 8 event [LIS and NBCEA, 1980] , this indicates that the magnitude of these events had to be significantly smaller than 8. The felt-recorded region of the 1638 earthquake is also smaller than that of A.D. 1622 M 7 Guyuan earthquake (Figure 12 ), whose shaking was recorded in more populated towns~230 km to the southeast. Reconstructed isoseismals of the 1622 earthquake suggest a large felt region, with maximal intensities IX-X in a region of~75 km in long axis [IGCEA and HGFU, 1986] .
In some versions of Chinese catalogs of historical earthquakes, the 1638 earthquake was listed with a magnitude of 5 1/2 [Gu, 1983; IGCEA and HGFU, 1986] , which is likely to be an underestimate. Recent studies of some moderate to strong earthquakes suggest that the magnitudes of historical earthquakes in Chinese catalogs can be underestimated by 0.5-1 unit [Yuan et al., 2007] . Furthermore, A.D. 1634 is 10 years before the demise of the Ming dynasty; textual recording of earthquake could be overlooked in towns where shaking was not severe enough. Nonetheless, our new investigation of informal writings and tomb scripts suggests that in addition to collapse of city walls and civilian houses, a long stretch of border fortress from Tongxin to Xian Suo (Zou) was destroyed during this earthquake; thus, considerable damage occurred in a region about~65 km in long axis along the Haiyuan Fault (Figure 11 ). In Gu [1983] and Chinese seismic intensity scale [NQTSA, 1999] , the description "all city walls and civilian houses collapsed" indicates a seismic intensity of VIII in Haiyuan City. The assignment of intensity was highly empirical, and based on macroscale damage pertain to Chinese-style construction and buildings. Similar to the modified Mercalli intensity scale, a scale of 12 levels of seismic intensities was used, as summarized in Chinese seismic intensity scale [NQTSA, 1999] , which was developed upon earlier versions. The best estimates of equivalent peak ground acceleration and peak ground velocity for each level of intensity are also given in NQTSA [1999] . Considering that the Haiyuan town was likely a few tens of kilometers from the epicenter, the epicentral intensity (I o ) could be higher, VIII to IX. Using the empirical relationship of M s = 0.605 I o + 1.376 for western China [DEMPSSB, 1995] or earlier version M s = 0.58 I o + 1.5 [Gu, 1983] suggests an estimation of M s = 6.2-6.8. That "aftershocks lasted a few months" suggests that the magnitude of 1638 earthquake was probably above 6.
No magnitude was previously assigned to the 1760 earthquake because of the scarcity of descriptions, but it is very likely to have been smaller than the 1638 event, if the felt region was smaller. Given that the earthquake was not recorded in larger towns 100 km away, it was probably smaller than M 6 1/4 . Nonetheless, it is very speculative to assign a magnitude to the A.D. 1760 earthquake, given the scarcity of information.
Given possible systematic underestimation in magnitude and our own investigation of historical documents, we estimate the magnitude of the 1638 earthquake to be M s 6.2-6.8, possibly approaching M 7, and the 1760 earthquake to be even smaller. Hence, the multievent sequence at the Salt Lake paleoseismic site consists of earthquakes rather heterogeneous in magnitude, from low to mid-6 to near 8.
Based on estimates of earthquake magnitude and fault segments defined by geometric complexities [Wesnousky, 2006; Klinger, 2010] , we construct a speculative rupture scenario for earthquakes identified in the 
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Salt Lake trenches (Figure 12 ). It is well constrained that surface rupture of the 1920 earthquake is a multisegment long rupture [e.g., Deng et al., 1986] . In contrast, based on the empirical relationship [Wells and Coppersmith, 1994; Wesnousky, 2008] , the earlier events were considerably shorter ruptures, on the order of 40-60 km and 10-30 km, for the 1638 and 1760 earthquakes.
Discussion
The Salt Lake record demonstrates that local moderate-magnitude earthquakes, when breaking to the surface, can be preserved if the stratigraphy is suitable. These ruptures are associated with submeter to a few centimeter ground deformation [e.g., Wells and Coppersmith, 1994; Wesnousky, 2008] , which are difficult to observe without centimeter-scale resolution stratigraphic control. The upper~2.7 m thick section at the Salt Lake site consists of 60-70 layers with centimeter to millimeter in thickness, deposited during the last 400-500 years. Hence, this site provides optimal conditions to record centimeter-scale offsets, similar magnitude warping and subsequent growth strata, and separation of different event horizons. Although of lower probability, we should not exclude the possibility of finding evidence of local moderate-magnitude earthquakes in trenches. Data are cumulating. For instance,~150 km west of the Salt Lake site (Figure 1 ), the 1990 M w 5.8 Tianzhu earthquake produced ground cracks along the central Haiyuan Fault, which were recognized in the trenches opened in the epicentral area years later [Liu-Zeng et al., 2007] . In addition, Streig et al. [2014] reported two paleoseismic events before the 1906 M w 7.8 earthquake on the Santa Cruz Mountains section of the San Andreas Fault, which were correlative to historical earthquakes of M w 6.2-6.4 in A.D. 1890 and M w 7.2 in 1838, respectively.
M 5-6 earthquakes are obviously capable of locally breaking to the surface. The recent example is 20 August 2014 South Napa Valley, California, earthquake of M w 6.0. This earthquake is associated with 12.5-15 km long surface rupture, with a few to~50 cm in horizontal slip and small-amplitude mole tracks at surface [Hudnut et al., 2014; Brocher et al., 2015] . To date, more than two dozen earthquakes worldwide with magnitude 6 and below, in some cases as low as magnitude 3-4, have been reported to have kilometer-long surface ruptures [Allen and Brune, 1967; Wells and Coppersmith, 1994; Lettis et al., 1997; Berberian et al., 2001; Brocher et al., 2015] . Based on worldwide data set of M w > 5 for the period of 1847 -1992 , Wells and Coppersmith [1993 reported a histogram showing that 80% of earthquakes at M w 6.7 were accompanied with surface rupture. The probability drops to 50% for M w 6 and 20% for M w 5.5 earthquakes, respectively. Recently, Weldon and Biasi [2015] presented a conceptual model addressing the probability of paleoseismic detection of ground ruptures as a function of magnitude using constraints from the Wrightwood, California, paleoseismic site. Their analysis suggested a similar probability of 10% for M w 5, 50-60% for M w 6.5, and 80% for M w 7 events, respectively. Thus, the lower the magnitude, the lower the possibility of ruptures reaching the surface, but there is no threshold magnitude for earthquake with surface rupture.
Trenching on a fault is effective in recovering the temporal records of paleoearthquakes, yet difficult to determine their magnitudes or slip. In comparison, M 6 earthquakes have rupture length and offset only one tenth of M 8 events [Wells and Coppersmith, 1994] . With a sequence of such diverse magnitudes, a paleoseismic search for slip-per-event record could easily miss the moderate-magnitude events, as their offsets are similar to the uncertainty in slip measurements.
A number of paleoseismic sites worldwide, with high-resolution stratigraphy, yield long records of past earthquakes [e.g., Sieh, 1978a; Weldon et al., 2002; Daëron et al., 2007; Berryman et al., 2012; Rockwell et al., 2014] . But whether these sites include only large events or a mixture of large-and moderate-magnitude earthquakes is quite difficult to assess, as in most cases there is no historical records to match. Correlating events between multiple sites along a fault provides constraints on rupture length, but is biased toward favoring long ruptures, especially when sites are several tens of kilometers apart. This could result in an overestimation of event size. Even so, on the San Jacinto Fault, some events recorded at one site do not have correlation at adjacent sites 20-50 km away . Even though it is not a definite proof that these are moderate-magnitude ruptures, they are considerably shorter in extent than some other events, which are correlative over~100 km distance. Similar pattern of variety in rupture extent emerges from the correlation of ruptures among sites along the southern San Andreas Fault: shorter ruptures appear to be more frequent than the longest ones [Scharer et al., 2014] .
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Our data show that different modes of rupture, corresponding to either large-or moderate-magnitude earthquakes, occurred on the same section of the Haiyuan Fault, as was also observed on other strike-slip faults. Fault patches, which broke in moderate-magnitude events, failed again in large-magnitude M w 7.8-8.3 earthquakes, after a short interval and as part of the larger multisegment rupture. Hence, the time periods between "large earthquakes" are dotted with moderate-magnitude earthquakes, as shown by the paleoseismological record at our site. To some extent, this could be paralleled with rupture variability in subduction zones, such as the Sumatra [Sieh et al., 2008] . Actually, recent paleoseismic results along active continental faults show increasingly that complex earthquake rupture sequences are likely the normal mode and that repetition of earthquake ruptures with similar lateral extent required special conditions [i.e., Wen et al., 2008; Scharer et al., 2014; Streig et al., 2014; Rockwell et al., 2014; Wechsler et al., 2014] . Hence, derivation of earthquake recurrence intervals solely based on paleoseismic data should be conducted with caution as successive earthquakes recorded at one site will likely be of different magnitude. The proper treatment is to acknowledge the possible range of event size in paleoseismic records explicitly.
Conclusions
Paleoseismology provides routinely fundamental data for earthquake recurrence models, by revealing past surface-rupturing events that stopped at different levels in layered soft sediments. Paleoearthquakes recognized in trenches are often unknown in magnitude, vaguely defined as surface-rupturing events, but often explicitly or implicitly assumed to be roughly of a similar magnitude when calculating earthquake recurrence interval in seismic hazard assessment of the studied fault. Recent paleoseismic investigation at the Salt Lake site on the Haiyuan Fault, China, reveals a high-resolution strati-chronology of paleoseismic events, which is directly compared with historical accounts of regional seismicity, providing a unique opportunity to constrain event timing and size. The stratigraphic sequence recorded three, and possibly four, earthquakes since A.D. 1500, constrained by AMS 14 C dating. A comparison with regional historical earthquake accounts shows that they are a mix of events of different magnitudes. Except the most recent earthquake of M 8 in 1920, two earlier events, occurred in A.D. 1760 (or 1709) and 1638, respectively, are significantly smaller, with magnitude M < 7, possibly M~6.2-6.8 or less. Our study suggests that surface ruptures of local moderate-magnitude earthquakes can be preserved in stratigraphy under favorable conditions. The results thus show that earthquakes with over an order of magnitude difference in rupture length and seismic moment can be recorded at a single site, contrary to the assumption that paleoseismology samples mostly a relatively narrow range of large-magnitude earthquakes. This study points to the need of closely spaced trenches for serious assessment of rupture length and demonstrates the advantage of combining paleoseismic investigation and analyses of historical written records of earthquake shaking to determine earthquake magnitude.
